Glial cell line-derived neurotrophic factor (GDNF) signals through a unique receptor system that includes Ret receptor tyrosine kinase and a glycosyl-phosphatidylinositol-linked cell surface protein. In the present study, we have identi®ed several proteins in neuroblastoma cells that are phosphorylated on tyrosine in response to GDNF. The phosphorylated proteins include focal adhesion kinase (FAK), paxillin and Crk-associated substrate, p130
Introduction
Glial cell line-derived neurotrophic factor (GDNF) was ®rst identi®ed as a potent neurotrophic factor to promote the survival of midbrain dopaminergic neurons in culture (Lin et al., 1993) . GDNF is now known to promote the survival of various central and peripheral neurons including autonomic and sensory neurons and motoneurons (Beck et al., 1995; Oppenheim et al., 1995; Tomac et al., 1995; Yan et al., 1995) . In addition, a GDNF-related neurotrophic factor, neurturin (NTN) was puri®ed from conditioned media of Chinese hamster ovary cells based on its ability to support the survival of superior cervical ganglion neurons (Kotzbauer et al., 1996) . GDNF and NTN show approximately 20% amino acid identity to members of the transforming growth factor (TGF)-b superfamily and contain seven conserved cysteine residues, six of which are involved in the formation of three intramolecular disul®de bonds referred to as a cysteine knot motif (McDonald and Hendrickson, 1993) .
Several reports have revealed that GDNF and NTN represent the ligands for Ret receptor tyrosine kinase. However, unlike other receptor tyrosine kinases, Ret activation was not induced via direct binding of GDNF or NTN but glycosyl-phosphatidylinositol (GPI)-linked cell surface proteins (called GFRa-1 and GFRa-2) were required as ligand-binding components (Jing et al., 1996; Treanor et al., 1996; Klein et al., 1997; Buj-Bello et al., 1997; Baloh et al., 1997; Sanicola et al., 1997) . Moreover, we found that Ca 2+ ions are necessary for the complex formation of Ret and these neurotrophic factors, suggesting the importance of the cadherin-like domain present in the Ret extracellular domain (Nozaki et al., 1998) . Thus, it appears that GDNF and NTN use a unique receptor system including several components.
We have recently reported that GDNF is able to induce Shc binding to Ret, resulting in Shc tyrosine phosphorylation (Ohiwa et al., 1997) . Shc phosphorylation leads to the formation of signal transducing complex consisting of Ret, Shc and Grb2 adaptor proteins that might be responsible for activation of the Ras-mitogen activated protein kinase (MAPK) signaling pathway (Ohiwa et al., 1997) . Activation of this pathway by GDNF and NTN may be critical for the growth or dierentiation of neurons as observed for nerve growth factor (Yao and Cooper, 1995) . Shc binding was also associated with the transforming activity of Ret with a multiple endocrine neoplasia (MEN) 2A or 2B mutation since a mutation at tyrosine 1062 in Ret that represents a Shc binding site severely impaired its transforming activity .
In the present study, we further investigated the intracellular signaling pathway through Ret activated by GDNF, using human neuroblastoma cells. Tyrosine phosphorylation of focal adhesion kinase (FAK), paxillin and p130
Cas that are associated with focal adhesions (Schaller and Parsons, 1994) was induced by GDNF, accompanying the formation of actin stress ®ber. Our data also suggested the presence of divergent signaling pathways responsible for tyrosine phosphorylation of FAK, paxillin and p130
Results

Binding ability of intracellular signaling molecules with Ret activated by GDNF
In order to characterize the intracellular signaling pathway mediated by Ret tyrosine kinase, we ®rst investigated whether Src homology 2 (SH2) domains of several signaling molecules including Shc, Grb2, Grb7, Grb10, p85 subunit of PI-3' kinase, Crk and Nck bind to Ret activated by GDNF in vitro. Human TGW-I-nu neuroblastoma cells expressing Ret were untreated or treated with GDNF ( Figure 1a ) and their cell lysates were incubated with the fusion proteins composed of glutathione S transferase (GST) and an SH2 domain of each signaling molecule. As shown in Figure 1b , the SH2 domains of Grb7, Shc, p85 subunit of PI-3' kinase and Crk bound to 170 kDa autophosphorylated Ret whereas association of the SH2 domains of Grb2, Grb10 and Nck with Ret was weak or undetectable.
As we have already reported, Shc adaptor proteins bind to tyrosine 1062 in Ret in vivo, leading to the activation of the Ras-MAPK pathway Ohiwa et al., 1997) . On the other hand, the Grb2 binding to Ret appeared to be very weak in intact cells, although the carboxy-terminal tail of Ret contains the consensus sequence for the binding of the Grb2 SH2 domain (Ohiwa et al., 1997; Borrello et al., 1993) . In the present study, we further investigated whether Crk, Nck and the p85 subunit of PI-3' kinase are associated with activated Ret proteins in vivo. Cell lysates from TGW-I-nu cells untreated or treated with GDNF (150 ng/ml) were immunoprecipitated with anti-Crk, anti-p85 subunit of PI-3' kinase or anti-Nck antibody, followed by immunoblotting with anti-Ret antibody. As a result, autophosphorylated Ret was detected in Crk immunoprecipitates (Figure 2a and b) but not in PI-3' kinase or Nck immunoprecipitates (data not shown), suggesting that the binding anity of PI-3' kinase and Nck to Ret might be weak in vivo. Despite this fact, however, the activity of PI-3' kinase increased approximately fourfold in GDNF-treated TGW-I-nu cells as compared with that in untreated cells ( Figure  3) . The fusion proteins composed of GST and SH2 domains of the designated signaling molecules were puri®ed and immobilized as described previously (Ohiwa et al., 1997) . The immobilized GST-fusion proteins were incubated with the lysates from GDNFuntreated or treated TGW-I-nu cells and bound proteins were analysed by Western blotting with anti-Ret antibody 2b, p130
Cas and paxillin were detected in Crk immunoprecipitates, suggesting that phosphorylated bands of 130 and 70 kDa represent p130 Cas and paxillin, respectively. To con®rm this, we further investigated whether paxillin and p130
Cas were phosphorylated on tyrosine in TGW-I-nu cells stimulated with GDNF. Tyrosine phosphoryation of paxillin was detected at 5 min after treatment with GDNF and continued at least for 60 min (Figure 4 ). On the other hand, tyrosine phosphorylation of p130
Cas was found at maximal levels at 5 min after treatment and decreased afterward.
Paxillin and p130 Cas are present in focal adhesions and are believed to play a role in integrin-mediated intracellular signaling (Burridge et al., 1992; Schaller and Parson, 1994) . Another important signaling molecule in focal adhesions is focal adhesion kinase (FAK). FAK was also phosphorylated on tyrosine after GDNF treatment and the time course of its phosphorylation was similar to that of paxillin ( Figure  4 ). As expected, treatment of TGW-I-nu cells with GDNF for 15 min caused an increase in anti-paxillin ( Figure 5d ) and anti-FAK (data not shown) immunostaining of focal adhesions. Moreover, when GDNFtreated TGW-I-nu cells were stained with rhodamineconjugated phalloidin, the formation of actin stress ®ber was observed (Figure 5d ).
Tyrosine phosphorylation of FAK, paxillin and p130
Cas requires integrity of actin cytoskelton and activation of PI-3' kinase Integrity of the actin cytoskelton and PI-3' kinase activity was shown to be important for tyrosine phosphorylation of focal adhesion proteins induced by growth factors or lysophosphatidic acid (LPA) (Huang et al., 1993; Sinnett-Smith et al., 1993; Seuerlein and Rozengurt, 1994; Sasaki et al., 1996; Rankin et al., 1996) . First, to investigate whether disruption of actin stress ®ber interferes with the increase in GDNF or LPA-induced tyrosine phosphorylation of focal adhesion proteins, the quiescent TGW-I-nu cells were treated with 2 mM cytochalasin D for 15 min before addition of GDNF (150 ng/ml) or LPA (1 mM). This treatment almost completely inhibited tyrosine phosphorylation of FAK, paxillin and p130
Cas by GDNF or LPA (Figure 6a) .
We next assessed a role of PI-3' kinase in phosphorylation of these molecules. The TGW-I-nu cells were preincubated for 15 min with 30 nM wortmannin or 15 mM LY294002 both of which are known as speci®c inhibitors of PI-3' kinase and then stimulated with GDNF for 5 min. As shown in Figure  6b , the increase of tyrosine phosphorylation of FAK, paxillin and p130 Cas was markedly impaired by pretreatment of wortmannin or LY294002. These results thus suggested that tyrosine phosphorylation of FAK, paxillin and p130
Cas depends on the formation of actin stress ®ber and PI-3' kinase activity.
Dierential eects of botulinum C3 exoenzyme on tyrosine phosphorylation of FAK, paxillin and p130
Cas
The small GTP-binding protein, Rho, also regulates the assembly of focal adhesion proteins and the formation of actin stress ®bers in response to growth factors or LPA (Kumagi et al., 1993; Jalink et al., 1993; Rankin et al., 1994) . The Clostridium botulinum C3 exoenzyme speci®cally ADP-ribosylates and inactivates Rho. To see the role of Rho in tyrosine phosphorylation of focal adhesion proteins, we examined the level of GDNF-induced tyrosine phosphorylation of FAK, paxillin and p130
Cas in the C3 exoenzyme-pretreated neuroblastoma cells. Although tyrosine phosphorylation of FAK was prevented by the C3 exoenzyme, the impairment of phosphorylation of paxillin and p130
Cas was not observed (Figure 6c) . Similarly, tyrosine phosphorylation of FAK induced by LPA but not of paxillin was impaired by the C3 exoenzyme.
Discussion
In the present study, we ®rst investigated signaling molecules bound to Ret activated by GDNF. We previously reported that Shc adaptor proteins were associated with Ret in vivo, leading to the activation of the Ras-MAPK pathway Ohiwa et al., 1997) . In vitro binding assay using the fusion proteins composed of GST and SH2 domains of several signaling molecules revealed that, in addition to the SH2 domains of Shc, the SH2 domains of Crk, p85 subunit of PI-3' kinase and Grb7 bound strongly to autophosphorylated Ret. On the other hand, the binding anity of the SH2 domains of Grb2, Grb10 and Nck to Ret appeared to be very weak. Of these molecules, we found that Crk was associated with Ret in vivo. Although the activation of PI-3' kinase was detected in GDNF-treated neuroblastoma cells, its binding to Ret was unclear in intact cells. As observed for c-Met-, EGF-and insulin receptor, multisite docking proteins such as insulin receptor substrate-1 (IRS-1) (Jian et al., 1991) and Gab1 (HolgadoMadruga et al., 1996; Weidner et al., 1996) may be necessary for activation of PI 3'-kinase through Ret activated by GDNF.
Paxillin and p130
Cas that localize to focal adhesions were found to be associated with Crk proteins and phosphorylated on tyrosine in GDNF-treated neuroblastoma cells. Paxillin and p130
Cas contain several pYXXP motifs that represent the binding site for the Crk SH2 domain (Schaller and Parsons, 1995) . Since these two molecules were not detected in the Ret immunoprecipitates (data not shown), it seems likely that paxillin and p130
Cas were associated with Crk proteins in focal adhesion rather than with Crk bound to Ret. On the other hand, another focal adhesion protein, FAK, was not coprecipitated with Crk, although it was also highly phosphorylated on tyrosine. Subcellular localization of FAK, paxillin and p130
Cas suggests that they might participate in Figure 3 Activation of PI-3' kinase by GDNF. TGW-I-nu cells were treated with GDNF (150 ng/ml) for the indicated time and their lysate was immunoprecipitated with anti-p85 subunit of PI-3' kinase monoclonal antibody. Activity of PI-3' kinase in the immunoprecipitate was analysed by thin-layer chromatography (bottom panel). Relative activity of PI-3' kinase was shown in the upper panel. PIP, phosphatidylinositol phosphate Figure 4 Tyrosine phosphorylation of paxillin, p130 Cas and FAK by GDNF. TGW-I-nu cells were treated with GDNF (150 ng/ml) for the indicated time and their lysate was immunoprecipitated with anti-paxillin, anti-p130
Cas or anti-FAK antibody, followed by immunoblotting with the same antibody or anti-phosphotyrosine antibody the regulation of cell adhesion and motility including the reorganization of the actin cytoskelton (Schaller and Parsons, 1994; Guan, 1997) . Consistent with this notion, GDNF was able to induce the formation of actin stress ®ber. Pretreatment of neuroblastoma cells with cytochalasin D that disrupts the actin cytoskelton abolished phosphorylation of FAK, paxillin and p130 Cas , indicating that the integrity of the cytoskelton is essential for their phosphorylation.
It was previously reported that PI-3' kinase activity was required for tyrosine phosphorylation of FAK and paxillin in PDGF-stimulated cells (Rankin et al., 1996) . Our present results also showed that tyrosine phosphorylation of FAK, paxillin and p130
Cas induced by GDNF was PI-3' kinase-dependent, because treatment with wortmannin or LY294002, two structurally unrelated inhibitors of PI-3' kinase, abolished their phosphorylation in GDNF-treated neuroblastoma cells.
Despite this PI-3' kinase-dependency, the fact that paxillin and p130
Cas but not FAK were coprecipitated with Crk suggests the possibility that tyrosine phosphorylation of the former two proteins and FAK may be dierentially regulated. Since it is known that Rho, a member of small GTP-binding proteins, is an upstream regulator of tyrosine phosphorylation of FAK and paxillin induced by LPA, bombesin and endothelin (Kumagai et al., 1993; Rankin et al., 1994) , we further investigated whether their phosphorylation induced by GDNF is Rho-dependent. Interestingly, pretreatment with the C. botulinum C3 exoenzyme that speci®cally ADP ribosylates and inactivates Rho markedly impaired tyrosine phosphorylation of FAK but not of paxillin and p130
Cas in GDNF-treated neuroblastoma cells, indicating that Rho might be upstream of FAK tyrosine phosphorylation and downstream of PI-3' kinase. On the other hand, phosphorylation of paxillin and p130
Cas appeared to be regulated in a Rho-independent manner. These results thus suggested the presence of divergent signaling pathways downstream of PI-3' kinase that mediate tyrosine phosphorylation of FAK, paxillin and p130
Cas by GDNF (Figure 7) . In several systems, it was shown that paxillin and p130
Cas might be putative substrates for FAK Parsons, 1994, 1995; Guan, 1997; Harte et al., 1996) . However, the present study revealed that even when FAK phosphorylation was inhibited by the C3 exoenzyme, paxillin and p130 Cas were still highly phosphorylated on tyrosine. In addition, the time courses of phosphorylation were dierent between FAK and p130 Cas . Taken together with these results, it seems likely that phosphorylation of paxillin and p130
Cas is regulated by tyrosine kinases other than FAK such as Src or Pyk2 (Schaller and Parsons, 1994; Guan, 1997; Li and Earp, 1997; Schaller and Sasaki, 1997; Zheng et al., 1998; Brinson et al., 1998) a FAKrelated protein tyrosine kinase, although it is still Germline mutations of the RET proto-oncogene are associated with the development of multiple endocrine neoplasia (MEN) types 2A and 2B. MEN 2A and MEN 2B are autosomal dominant cancer syndromes characterized by the development of medullary thyroid carcinoma and pheochromocytoma. MEN 2B is distinguished from MEN 2A by a more complex phenotype including mucosal neuroma, hyperganglionosis of the gastrointestinal tract and marfanoid habitus. Recently, we and others demonstrated that MEN 2A and MEN 2B develop by dierent molecular mechanisms based on their mutations (Asai et al., 1995; Santoro et al., 1995; Borrello et al., 1995; Iwashita et al., 1996; Rossel et al., 1997; Ito et al., 1997) . In addition, Bocciardi et al. (1997) reported that paxillin was dramatically phosphorylated on tyrosine in cells expressing the MEN 2B mutant proteins. Although they did not show phosphorylation of FAK and p130
Cas in these cells, this ®nding suggests that high levels of tyrosine phosphorylation of focal adhesion proteins may be responsible for biological properties of transformed cells expressing the MEN 2B mutant proteins.
Materials and methods
Cell line
TGW-I-nu cells were grown in RPMI medium supplemented with 10% fetal calf serum.
Antibodies
Anti-Crk, anti-FAK, anti-paxillin and anti-phosphotyrosine monoclonal antibodies were purchased from Transduction Laboratories (Lexington, KY, USA). Anti-p130 Cas polyclonal antibody was purchased from Upstate Biotechnology Inc. (Lake Placid, NY, USA). Anti-Ret antibody was produced as described previously . Cas was analysed. (c) TGW-I-nu cells were cultured with or without 3 mg/ml C3 exoenzyme, ®rst for 16 h in the complete medium and then for 12 h in serum-free medium. The resulting cells were incubated with GDNF or LPA and tyrosine phosphorylation of FAK, paxillin or p130
Cas was analysed
Immunoprecipitation and immunoblotting
Cells were grown subcon¯uently in 60-mm dishes and serum-starved for 6 h. Then the cells were stimulated with GDNF (150 ng/ml) for the indicated periods, washed once with ice-cold phosphate-buered saline (PBS) and lysed in radioimmunoprecipitation assay (RIPA) buer (20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 2 mM EDTA, 1% Nonidet P (NP)-40) containing 1 mM phenylmethylsulfonyl¯uoride, 0.5 mM sodium orthovanadate and 0.1 mM aprotinin. Cell lysates were centrifuged at 15 000 g for 20 min to remove cell debris and incubated with 2 mg of antibodies for 3 h at 48C. The resulting immunocomplexes were collected with Protein A sepharose (Sigma, St Louis, MO, USA) and washed four times with RIPA buer. The complexes were eluted in sodium dodecyl sulfate (SDS)-sample buer (20 mM Tris-HCl, pH 6.8, 2 mM EDTA, 2% SDS, 10% sucrose, 20 mg/ml bromophenol blue) by boiling for 5 min and subjected to SDS±polyacrylamide gel electrophoresis. Separated proteins were transferred to polyvinylidene di¯uoride membranes and reacted with antibodies. The reaction was examined by enhanced chemiluminescence (Amersham Corp., UK).
Production of GST-fusion proteins and in vitro binding assay
The SH2 domains of Grb2, Grb7, Grb10, Shc, Crk, Nck and p85 subunit of PI-3' kinase were cloned from their cDNA or from mRNA of TGW-I-nu cells by reversetranscriptase polymerase chain reaction, and inserted into pGEX-3X vector (Pharmacia, Milwaukee, WI, USA). The resulting recombinant plasmids were used to transform E. coli, JM109. Puri®cation of the glutathione S transferase (GST)-fusion proteins was performed as described previously (Ohiwa et al., 1997) . For in vitro binding assay, TGW-I-nu cells stimulated or unstimulated with GDNF (150 ng/ml) were lysed in RIPA buer and clari®ed by centrifugation as described above. The supernatant was incubated with 5 mg of immobilized GST or GST-fusion proteins for 3 h at 48C and washed with RIPA buer four times. The proteins bound to GST-fusion proteins were eluted by boiling in SDS-sample buer, resolved by SDS ± polyacrylamide gel electrophoresis and immunoblotted with anti-Ret antibody.
Assay of PI-3' kinase TGW-I-nu cells were treated with GDNF (150 ng/ml) for 5 ± 10 min. Cells were washed once with PBS and lysed in the lysis buer (20 mM Tris-HCl, pH 7.4, 0.5 mM EDTA, 1% NP-40, 5% glycerol, 1 mM phenylmethylsulfonyl uoride). The lysate was clari®ed by centrifugation at 15 000 g for 20 min and the resulting supernatant was incubated with 2 mg of anti-p85 subunit of PI-3' kinase monoclonal antibody for 3 h at 48C. The immunocomplexes were collected with 30 ml of protein G-sepharose and washed twice with each of the following buers containing (I) 20 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1% NP-40 and 1 mM dithiothreitol; (II) 100 mM Tris-HCl, pH 7.4, 500 mM LiCl 2 and 1 mM dithiothreitol; and (III) 10 mM Tris-HCl, pH 7.4, 100 mM NaCl and 1 mM dithiothreitol. The immunoprecipitates were suspended in 50 ml of reaction buer (20 mM Tris-HCl, pH 7.4, 100 mM NaCl, 10 mM MgCl 2 , 0.5 mM EGTA) containing 100 mM phosphatidylinositol, 100 mM phosphatidylserine, 120 mM adenosine and 10 mM [g-32 P]ATP and incubated for 10 min at 308C. The reaction was terminated by adding 200 ml of 1 M HCl and 80 ml of chloroform/methanol (1 : 1, vol/vol). The products were separated in chloroform/methanol/25% NH 4 OH/water (43 : 38 : 5 : 7; vol/vol) by thin-layer chromatography. Radioactive phosphatidylinositol phosphate (PIP) was detected by autoradiography.
Staining of GDNF-treated cell with anti-paxillin antibody and tetramethylrhodamine-isothiocyanate (TRITC)-phalloidin Cells were grown on glass coverslips and serum-starved for 6 h. After stimulation with GDNF (150 ng/ml) for 15 min, the cells were washed twice with PBS and ®xed in 4% paraformaldehyde in PBS at room temperature for 10 min. Fixed cells were permealized with 0.15% Triton X-100, incubated with anti-paxillin mouse monoclonal antibody and stained with¯uorescein-isothiocyanate (FITC)-conjugated goat anti-mouse IgG and tetramethylrhodamineisothiocyanate (TRITC)-phalloidin (Sigma) in PBS for 30 min.
